Biological and epidemiologic evidence suggest that androgen or its receptor may play a role in ovarian cancer pathogenesis. The most notable genetic factor influencing androgen receptor (AR) activity is the functional cytosine, adenine, guanine (CAG) repeat in which length is inversely proportional to its transactivational activity. Additional genetic variation due to single nucleotide polymorphisms in the AR gene may be captured through haplotypes. We genotyped the CAG microsatellite and six haplotype-tagging single nucleotide polymorphisms (rs962458, rs6152, rs1204038, rs2361634, rs1337080, rs1337082) of the androgen receptor gene in 987 ovarian cancer cases and 1,034 controls from a study conducted in New Hampshire and eastern Massachusetts between May 1992 and July 2003. We estimated haplotype frequencies and calculated odds ratios with 95% confidence intervals to evaluate the association between the haplotypes and the AR CAG microsatellite with ovarian cancer risk. We observed that carriage of two alleles with z22 CAG repeats was associated with an increased risk of ovarian cancer compared with carriage of two alleles with <22 CAG repeats (covariate-adjusted odds ratios, 1.31; 95% confidence intervals, 1.01-1.69). Five common haplotypes in the AR gene were identified, but no association between these and ovarian cancer risk was observed. Our results suggest that possession of two long AR alleles (z22 CAG repeats) may be associated with increased risk of ovarian cancer compared with women with two short AR alleles (<22 CAG repeats). (Cancer Res 2005; 65(13): 5974-81) 
Introduction
Epidemiologic and biological data suggest a role for androgens and perhaps their receptor in ovarian cancer development. Oral contraceptives, which suppress androgens, are inversely associated with ovarian cancer risk (1), whereas polycystic ovarian syndrome and central obesity, which are characterized by increased androgen levels, are associated with increased ovarian cancer risk (2, 3) . Furthermore, in a nested case-control study, prediagnostic androgen levels were higher in ovarian cancer cases than in controls (4) . In phase 2 clinical trials of antiandrogens as a treatment for ovarian cancer, investigators observed that antiandrogens reduced the tumor burden or stabilized the progression of ovarian cancer in some women who had previously failed at least one chemotherapy (5, 6) . Although data from animal models and cell lines have been less consistent (7) (8) (9) , showing both stimulation and inhibition of ovarian cell growth with androgen administration, the epidemiologic and clinical data seem to suggest a role for androgens in ovarian cancer.
Androgen receptors are present in both normal human ovarian epithelial cells and human ovarian cancer cell lines (10) . Some studies reported between 65% and 90% of ovarian tumors possess androgen receptors (11, 12) , whereas others reported low or decreased AR expression in ovarian tumors in comparison to normal ovarian cell lines (10, 13) .
In exon 1 of the AR gene, a cytosine, adenine, guanine (CAG) trinucleotide repeat codes for a polyglutamine tract which normally ranges from 6 to 39 repeats (14) . CAG repeat number varies by ethnicity with the longest AR alleles in Mexican-Americans (mean, 25; range, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] and the shortest in African-Americans (mean, 20; range, 10-29; ref. 14) . In vitro studies have shown that CAG repeat number is inversely proportional to AR transactivational activity, which initiates transcription of target genes in coordination with transcriptional cofactors (14, 15) . Decreased transactivational activity is evident with each additional CAG repeat (14) , and possession of >40 CAG repeats results in Kennedy's disease, a motorneuron disease linked to androgen insensitivity (16) . Therefore, we would expect longer AR alleles to be associated with reduced expression of AR target genes compared with short AR alleles. Epidemiologic studies have shown an association between CAG allele length and a variety of androgen-related conditions, including benign prostatic hyperplasia with shorter length (17) , impaired spermatogenesis with longer length (18) , hirsutism with shorter length (19) , and polycystic ovarian syndrome accompanied by high testosterone levels with shorter length (20) .
AR allele length has also been studied in connection with hormonally related cancers in both men and women. Multiple studies have established an association between short AR allele length and increased prostate cancer risk (reviewed in ref. 21 ) and data on associations with other cancers is emerging, including breast cancer (22, 23) and endometrial cancer (24, 25) . The association between the AR CAG repeat polymorphism and ovarian cancer has been previously evaluated in four studies restricted to high-risk populations (26) (27) (28) (29) and two case-control studies (30, 31) , but results were inconsistent due to population differences and sample size.
Although the CAG repeat polymorphism in exon 1 has received most of the attention regarding genetic variation in the AR gene, analysis of single nucleotide polymorphisms (SNPs) may also prove to be informative. Several single nucleotide changes have been previously identified in the AR gene (32, 33) , however, these genetic changes are rare and have not been evaluated in relation to disease risk on a population level. Several studies have shown that the use of haplotypes, the linear combination of linked SNPs on a chromosome, is a powerful way to identify genetic variation (34, 35) . In this study, we evaluate the association between ovarian cancer risk and genetic variation in the AR gene, using both haplotypes and the CAG repeat polymorphism in 987 ovarian cancer cases and 1,034 controls from New Hampshire and eastern Massachusetts.
Materials and Methods
This population-based study was approved by the Human Subjects Review Committees at both Brigham and Women's Hospital and Dartmouth Medical School, and each participant provided a signed informed consent. Data and specimens from this New England-based case-control study of ovarian cancer come from two enrollment phases corresponding to two funding periods. Phase 1 began in May 1992 and ended in March 1997, whereas phase 2 began in July 1998 and ended in July 2003. During the combined study phases, we identified 2,347 women (1,080 from phase 1 and 1,267 from phase 2) residing in eastern Massachusetts or New Hampshire with a diagnosis of incident ovarian cancer from hospital tumor boards and statewide cancer registries. Of these, 502 (203 phase 1 and 299 phase 2) could not be contacted because they had died (n = 210), moved or had no telephone (n = 160), did not speak English (n = 37), had a non-ovarian primary tumor after review (n = 93), or lived outside the study area (n = 2). Physicians declined permission to contact 232 (126 phase 1 and 106 phase 2) of the remaining cases, and 307 cases (136 phase 1 and 171 phase 2) declined or were too ill to participate. Of these, 1,231 cases had epithelial ovarian tumors, including tumors of borderline malignancy (563 phase 1 and 668 phase 2). Of these, 1,075 cases (463 phase 1 and 612 phase 2) gave a blood specimen at the time of enrollment, and at the time of this study, 987 case specimens were available for genotyping.
Controls in phase 1 were selected using random digit dialing supplemented with residents lists for older controls and has been described previously (36) . Briefly, for the random digit dialing, in f10% of households the answerer declined to provide a household census and 80% of households an age-and sex-matched control for a case could not be made or was ineligible because of a previous oophorectomy. Of the remaining 10% of screened households containing a potentially eligible control, 72% agreed to participate. Because random digit dialing proved inefficient for identifying controls >60 years old in Massachusetts, we identified older controls in Massachusetts by randomly selecting women from the residents' lists (townbooks) matched to cases by community and age within 4 years. Of 328 sampled townbook controls, 21% could not be reached, 18% were ineligible, and 30% declined to participate. A total of 523 (421 random digit dialing and 102 townbook) controls were enrolled from phase 1 of the study.
Controls for phase 2 were identified through townbooks in Massachusetts and drivers' license lists in New Hampshire. Age matching was accomplished by sampling controls based upon the age distribution of cases in the previous phase of the study with adjustment as current cases were enrolled. Of the 1,843 potential controls identified in phase 2, 576 were ineligible because they had died, moved, had no telephone, did not speak English, had no ovaries, or were seriously ill, and 546 potential controls declined participation either by phone or by ''opt out'' postcard. Of the 1,244 controls (523 phase 1 and 721 phase 2) that enrolled in the study, 1,098 donated a blood specimen. For the purposes of this study, 1,034 control specimens were available for genotyping.
Questionnaire data. Risk factors for ovarian cancer and other potential confounders were collected by questionnaires administered in-person. To avoid the possible influence of preclinical disease on exposure status, cases were asked about exposures that occurred at least 1 year before diagnosis, and controls were asked about exposures that occurred >1 year before the interview date.
Genotyping methods. Heparinized blood was collected at the time of enrollment, and separated into plasma, red cell, and buffy coat (white cell) components. DNA was extracted from buffy coat using a QIAamp 96 DNA blood kit (Qiagen, Valencia, CA).
Genotyping was done at the Dana-Farber Cancer Institute/Harvard Cancer Center High-Throughput Genotyping Core, a unit of the Harvard Partners Genotyping Facility. For the AR CAG repeat polymorphism, genomic DNA was PCR-amplified using fluorescently labeled primers. The length of these fragments varied by the number of CAG repeats. Fragments were run on denaturing polyacrylamide gels on the Applied Biosystems Prism 3100 and analyzed by Applied Biosystems Prism Genescan automated fluorescence detection (Applied Biosystems, Foster City, CA). Fragment lengths were determined from a series of sequenced PCR samples of varying size.
Haplotype tagging SNPs (htSNP) were selected by the National Cancer Institute Cohort Consortium and are available on the world wide web. 6 Their method of htSNP selection has been described elsewhere (37) . Briefly, SNPs identified through previous report and resequencing were genotyped, and haplotypes were estimated in a multiethnic sample, including AfricanAmericans, Japanese, Latinos, and Caucasians.
Haplotype block structure was determined for each ethnic group based on criteria outlined by Gabriel et al. (38) using 90% confidence bounds of DV to define sites of historical recombination between SNPs. Six htSNPs were selected for Caucasians in three haplotype blocks based on the squared correlations (R h 2 ) between the true haplotypes and estimated haplotype probabilities for each subject (37) . The first block contains two SNPs (rs962458 and rs6152), the second block contains three SNPs (rs1204038, rs2361634, and rs1337080), and the third block contains only one SNP (rs1337082).
We then genotyped these six SNPs in the 987 cases and 1,034 controls from our case-control study. Genotyping assays for all six SNPs were done by the 5V nuclease assay (TaqMan) on the Applied Biosystems Prism 7900HT Sequence Detection System (Applied Biosystems). TaqMan primers, probes, and conditions for genotyping assays are available upon request. Genotyping was done by laboratory personnel blinded to case-control status, and blinded quality control samples were included to validate genotyping procedures. Over 95% of the samples were successfully genotyped for each of the polymorphisms. Genotyping failures were considered missing data.
Statistical analysis. The distribution of CAG repeats for the short allele, the long allele and the average of the short and long alleles were compared between cases and controls using the Wilcoxon rank sum test. Binary categories of CAG repeat length (z22 versus <22, z27 versus <27, z29 versus <29, z19 versus <19) were created in order to replicate analyses done previously in other study populations (30, 31) . In addition, CAG length was evaluated in categories separately for the longer allele (V21, 22-23, 24-25, z26 ) and the shorter allele (z22, 21, 20, V19) based on work done by Santarosa and colleagues (30) . Because transcriptional activity of the androgen receptor decreases linearly with CAG number (14) , CAG length was also evaluated as a continuous variable in relation to ovarian cancer risk. Odds ratios (OR) and 95% confidence intervals (CI) were calculated using unconditional logistic regression with adjustment for age (continuous) and study center (Massachusetts or New Hampshire) to evaluate the association between CAG repeat number and ovarian cancer risk. In order to evaluate the association between variation in the AR gene and ovarian cancer risk independent of ovarian cancer risk factors, multivariate models were run with adjustment for parity (0, 1, 2+ livebirths), oral contraceptive use (<3 months or never, z3 months), and family history of a mother or sister with breast or ovarian cancer (yes, no).
Furthermore, we assessed possible effect modification by a priori variables that may influence ovarian cancer risk or androgen levels including: family history of breast or ovarian cancer in mother or sister (yes, no), parity (nulliparous, parous), oral contraceptive use (<3 months or never, z3 months), menopausal status (premenopausal, postmenopausal), fertility status (no reported infertility, infertile), body mass index (V24.4, >24.4 kg/m 2 ), and polycystic ovarian syndrome (yes, no). Jewish or non-Jewish religion (as a marker for likelihood of being a BRCA1/2 carrier) was also examined. In addition, whether the association between CAG length and ovarian cancer risk differed by age of onset (V40, >40 years) was evaluated. To test for statistical significance of interactions between these a priori exposures and AR genotypes, likelihood ratio tests were used to compare nested models that included terms for all combinations of the AR genotype and potential effect modifiers to the models with only the main effects. The SAS version 8 statistical package (SAS Institute, Cary, NC) was used for all statistical analyses of the CAG microsatellite.
For the haplotype analysis, we first determined whether the SNP genotypes were in Hardy-Weinberg equilibrium using m 2 tests. Haplotypes were estimated and evaluated within predetermined haplotype blocks, reported by the National Cancer Institute Cohort Consortium. 7 Haplotype frequencies were estimated in cases and controls together using the expectationmaximization (E-M) algorithm (39) . Posterior probabilities of the haplotypes given the observed genotypes were calculated for each individual, as previously described by Zaykin and colleagues (40) . To ensure adequate statistical power, only haplotypes with >5% frequency were used to evaluate the association between AR haplotypes and ovarian cancer. To evaluate linkage disequilibrium across the entire gene, the linkage disequilibrium between all pairwise combinations of AR htSNPs was calculated, using Lewontin's DVstatistic (41) .
To evaluate risk associated with carriage of each haplotype compared with carriage of the most common haplotype, ORs and 95% CIs for the haplotype analyses were calculated using unconditional logistic regression with adjustment for age (continuous) and study center (Massachusetts or New Hampshire). We further adjusted for the following ovarian cancer risk factors: parity (0, 1, 2+ livebirths), oral contraceptive use (<3 months or never, z3 months), and family history defined as having a mother or sister with breast or ovarian cancer (yes, no). Likelihood ratio tests were used to evaluate the global association between all common (>5% frequency) haplotypes together and disease status, adjusting for the above covariates. The SAS Genetics statistical package (SAS/Genetics, SAS Institute) was used for all haplotype analyses.
Allele frequencies for the AR polymorphisms are known to vary dramatically by ethnicity (42) , which could lead to a spurious association because ovarian cancer risk also varies by ethnicity. We were underpowered to evaluate the association between AR polymorphisms and ovarian cancer risk among non-Caucasians (n = 82); consequently, all our analyses were restricted to Caucasians.
Results
The population characteristics of this case-control study population have been described previously (43) . The AR CAG repeat polymorphism was successfully genotyped in 905 cases and 976 controls. CAG repeat length ranged from 11 to 34 repeats in cases and 8 to 36 repeats in controls. When only the longer allele for each participant was considered, we observed a bimodal distribution of allele lengths (Fig. 1) ; this bimodal distribution was not observed for shorter allele lengths (Fig. 2) . For the shorter allele, we observed significantly fewer CAG repeats in controls (median, 20; range, 8-29) compared with cases (median, 21; range, 11-29; P = 0.002). There was no significant difference in the longer allele length between cases (median, 23; range, 18-34) and controls (median, 24; range, or in the average of the two allele lengths between cases (median, 22; range, 15-30) and controls (median, 22; range, 13-29). (30, 31) , but these did not yield any significant associations (data not shown). We also considered the longer and shorter allele possessed by each participant separately with respect to ovarian cancer risk. Compared with women whose shorter allele contained V19 CAG repeats, women whose shorter allele contained 20 or 21 repeats had a nonsignificant increase in risk of ovarian cancer, whereas those women with z22 CAG repeats on the shorter allele had a significant increase in risk (covariate-adjusted OR, 1.35; 95% CI, 1.07-1.71). We observed no association between length of the longer alleles and ovarian cancer risk (Table 1) .
Because transactivational activity of the AR decreases linearly with each additional CAG repeat (14), we evaluated the association between a single trinucleotide increase in allele length and ovarian cancer risk. A single CAG increase length in the long allele did not significantly influence ovarian cancer risk. In contrast, a single trinucleotide increase in the short allele was associated with a significant increase in ovarian cancer risk (covariate-adjusted OR, 1.08; 95% CI, 1.04-1.12). We observed similar results with each one unit increase in the average allele length (covariate-adjusted OR, 1.05; 95% CI, 1.01-1.10; Table 1) .
We observed no effect modification by body mass index (Table 2) , an androgen-related characteristic. However, the association between AR allele length and ovarian cancer risk differed significantly by polycystic ovarian syndrome (P value for the interaction = 0.01) and fertility status (P for the interaction = 0.05). Among women with no reported infertility, those who possessed two alleles with z22 CAG repeats had a significantly increased risk of ovarian cancer (covariate-adjusted OR, 1.48; 95% CI, 1.11-1.98) compared with women with both alleles containing <22 repeats; in contrast, among infertile women, those with two alleles containing z22 CAG repeats had a nonsignificantly decreased risk of ovarian cancer (covariate-adjusted OR, 0.77; 95% CI, 0.42-1.41). Similarly, with the exception of religion, most ovarian cancer risk factors evaluated as potential effect modifiers did not significantly influence the association between CAG length and ovarian cancer risk (P value for the interaction = 0.04; Table 2 ). Jewish women with only one allele with z22 CAG repeats had a nonsignificant reduction in risk of ovarian cancer (covariate-adjusted OR, 0.36; 95% CI, 0.13-1.04), whereas non-Jewish women possessing one allele with z22 CAG repeats had a nonsignificant increase in ovarian cancer risk (covariate-adjusted OR, 1.12; 95% CI, 0.89-1.43). In contrast, women who possessed two alleles with z22 CAG repeats had a similar ovarian cancer risk in Jewish and non-Jewish women (Table 2) . Although the androgen receptor influences progesterone receptor transcription (44), we observed no significant interaction between AR CAG repeat length and possession of the progesterone receptor PROGINS variant, which has been previously associated with ovarian cancer risk in our population (Table 2 ; ref. 43 ). However, the association between possession of two AR alleles with z22 CAG repeats and ovarian cancer risk was slightly stronger in women who possessed the PROGINS variant compared with women who did not.
Because different ovarian cancer histologies may have distinct pathways to disease, AR's association with ovarian cancer may vary by histologic category. Compared with carrying two alleles with <22 CAG repeats, carriage of two alleles with z22 CAG repeats was associated with a significantly increased risk of clear cell (covariate-adjusted OR, 2.00; 95% CI, 1.09-3.68); a nonsignificant increase in risk of serous invasive (covariate-adjusted OR, 1.32; 95% CI, 0.93-1.88) or mucinous (covariate-adjusted OR, 1.75; 95% CI, 0.98-3.10); and no association with serous borderline, endometrioid, or undifferentiated ovarian cancer (data not shown).
Furthermore, we observed no association between CAG length and age at onset of ovarian cancer. The proportion of subjects who carried an allele with z22 CAG repeats did not differ significantly between cases diagnosed at V40 years of age and those diagnosed at >40 years (76% versus 79%). Table 3 summarizes findings of our haplotype analysis. Six htSNPs spanning three haplotype blocks were genotyped in 987 cases and 1,034 controls. Genotypes that could not be obtained due to genotyping failure were considered missing data; consequently, the number of available genotypes varies by polymorphism [SNP 1 (n = 1,986), SNP 2 (n = 1,969), SNP 3 (n = 1,935), SNP 4 (n = 1,985), SNP 5 (n = 1,963), SNP 6 (n = 1,954)]. Of the four possible haplotypes for AR block 1, three occurred with >5% frequency and none of these were significantly associated with ovarian cancer risk. Of eight possible haplotypes in AR haplotype block 2, four occurred with >5% frequency and none were associated with ovarian cancer risk. Because AR haplotype block 3 consists of only one SNP, there were two unambiguous haplotypes and these were not associated with disease (Table 3) .
Linkage disequilibria of 0.8 or more were observed between all six htSNPs (Supplemental Table S2 ). Because we observed a high degree of linkage across the entire gene, we also evaluated haplotypes estimated from all six htSNPs. Out of 64 possible haplotypes, 5 occurred with >5% frequency. There was no global association between these five haplotypes and ovarian cancer risk, and none were individually associated with ovarian cancer risk (Table 4) . Linkage disequilibrium analyses revealed that the AR CAG repeat is significantly associated with five of the six AR htSNPs (data not shown).
Discussion
To our knowledge, this is the first study to evaluate the association between AR haplotypes and ovarian cancer risk, and, to date, the largest study to evaluate the AR CAG repeat polymorphism in relation to ovarian cancer risk. In our analysis of the AR CAG repeat polymorphism, we observed an increase in ovarian cancer risk with a greater number of CAG repeats. We estimated AR haplotypes using htSNPs identified by the National Cancer Institute Cohort Consortium and observed five AR haplotypes occurring with >5% frequency in our study population. There was no association between these haplotypes and ovarian cancer risk.
Our findings regarding the AR CAG trinucleotide repeats and ovarian cancer risk are largely in line with other studies addressing this association. In a population-based case-control study with 319 cases and 853 controls, Spurdle and colleagues observed a larger proportion of cases carrying two alleles with z22 CAG repeats than controls, similar to our own findings, but the association was not significant (OR, 1.18, 95% CI, 0.78, 1.78; ref. 31) . In a smaller hospital case-control study based in Italy, Santarosa and colleagues found a stronger association between carriage of two alleles with z22 AR CAG repeats (OR, 3.45; 95% CI, 1.42-8.34) than we observed in our own population (OR, 1.31; 95% CI, 1.01-1.69; ref. 30) . Variation in the strength of the association observed in studies may be partly attributable to population differences because 24% of the controls in our study carried two alleles with z22 AR CAG repeats whereas 26% of the controls in Spurdle's study and only 18% of the controls in Santarosa's study carried two alleles with z22 AR CAG repeats. Because AR CAG repeat length is known to vary by ethnicity (14, 42) , differences due to nationality or ancestral background could contribute to allele length differences in these populations. In addition, observed associations in our study were of marginal significance. Therefore, these results could potentially be due to chance.
The association between AR CAG length and ovarian cancer has also been evaluated among high-risk populations (26) (27) (28) (29) . In two studies of BRCA1/2 carriers, no association was observed between AR CAG length and ovarian cancer risk (26, 27) . However, carrying fewer AR CAG repeats was correlated with a younger age of ovarian cancer diagnosis among those carrying a BRCA1/2 mutation or of Ashkenazi Jewish descent (26, 28) . In contrast, Menin and colleagues observed no association between AR CAG length and age of diagnosis among hereditary cases of ovarian cancer (29) . In our data, we observed no association between AR CAG repeat number and age of onset and no significant interaction between CAG length and family history. However, we did observe a significant interaction between CAG length and religion. Non-Jewish women had an increased risk of ovarian cancer with longer CAG length whereas among Jewish women there was no association between CAG length and ovarian cancer risk.
For the androgen-related variables, we observed an increased risk of ovarian cancer with longer CAG length among women with no reported infertility or polycystic ovarian syndrome. Because both infertility and polycystic ovarian syndrome are associated with higher androgen levels, these women may have a disruption in the androgen/androgen receptor pathway that renders CAG length irrelevant with respect to their ovarian cancer risk.
Studies of breast and endometrial cancer also suggest that longer AR alleles may contribute to carcinogenesis in women. Some breast bThose missing body mass index (n = 5) were excluded from analyses stratified by body mass index.
x Adjusted for age and study center; multivariate model not possible due to small number of participants with polycystic ovarian syndrome. k Family history was excluded from models stratified by religion. { Those missing PROGINS genotype (n = 100) were excluded from analyses stratified by PROGINS genotype.
cancer studies report an increased risk of breast cancer with a greater number of AR CAG repeats (22, 45) , whereas others report no association (23, 46) . Similarly, a greater number of AR CAG repeats were associated with increased endometrial cancer risk in two small case-control studies (24, 25) . Consistent with our findings, these studies suggest that longer AR alleles may contribute to cancer risk. Although, collectively, the results of these epidemiologic studies suggest that longer AR CAG alleles increase the risk of ovarian cancer, the biological pathway is unclear. What is known to date is that each additional AR CAG repeat results in a 1.7% decrease in transactivational activity (14) . In addition, increased AR CAG length negatively influences interaction with coactivators involved in the stabilization of the transcriptional complex and in the functional activity of the receptor, resulting in decreased expression of androgen-responsive target genes (14, 47) . Androgen receptor knock-out mice show that androgens exert their physiologic effects through the androgen receptor, and gene expression assays comparing the ovaries of AR knock-out mice to those of normal mice have identified target genes in the ovary including follicle stimulating hormone receptor, insulin-like growth factor-I receptor, progesterone receptor, and p21 (44, 48) . Female mice lacking the AR gene show that AR influences many parts of the female reproductive system including oocyte production, progesterone production, and endometrial growth, but the consequences for the ovarian epithelium, the presumed precursor tissue of epithelial ovarian cancer, remains unclear (44) . Given the wide range of target genes and physiologic effects of the androgen receptor, predicting the role of AR target gene activation in ovarian carcinogenesis is difficult. We observed that long AR alleles are associated with increased ovarian cancer risk. Because increased AR CAG repeat length is associated with decreased activation of androgen target genes, our findings seem in conflict with the theory that androgens increase ovarian cancer risk. However, not all androgens act through the androgen receptor (some are converted to estrogens) and the androgen receptor regulates a variety of androgen target genes; thus, our results are not necessarily at odds with this theory.
A unique misclassification issue may affect the study of the androgen receptor due to its location on the X chromosome. At an early stage of development, most likely the late blastula stage, one of the two X chromosomes carried in each cell is inactivated (49) . Whether the maternal or paternal X chromosome is inactivated varies from cell to cell, however, all the cells that descend from the initial inactivated cell will retain the same X chromosome inactivation (49) . Consequently, genotypes of AR polymorphisms would not necessarily reflect the active AR allele because one of the AR alleles is inactivated in each cell. Only allele expression in homozygous genotypes can be determined unambiguously because their alleles are the same and inactivation of either allele will have the same result. For example, in our study, the OR comparing women with two alleles z22 AR CAG repeats to women carrying two alleles with <22 AR CAG repeats will not suffer from this misclassification. Some have suggested that X chromosome inactivation may not be random with respect to ovarian cancer (50) and that the longer allele is more often expressed (30) . Interestingly, our results suggest that the shorter allele may be more important.
Although the haplotypes theoretically provide a more comprehensive approach to evaluating genetic variation due to consideration of polymorphisms in combination, it may miss an association that truly exists if the disease-causing locus is associated with multiple haplotypes and therefore its effect is attenuated. In our study, an increasing number of CAG repeats is associated with ovarian cancer risk and CAG length is associated with all but one of the htSNPs. Therefore, the effect of the CAG repeat may be divided among several haplotypes, resulting in an attenuated association for each of those haplotypes. Thus, the effect of the CAG repeat is not captured by the haplotype analysis.
Limitations of our study include generalizability and potential biases. Because the study population is primarily Caucasian women and our analyses are restricted to Caucasians, our results are not generalizable to other ethnicities. Alternatively, the homogeneity of our population is an advantage because it reduces the possibility for confounding by ethnicity. Due to our case-control design, we must also consider the possibility of selection bias. Ovarian cancer is an aggressive disease; 9% of our cases died before enrollment. If a particular AR genotype or haplotype imparted some survival benefit, it would be overrepresented among our cases, resulting in a misleading association between genotype and disease.
In conclusion, our study suggests an increased risk of ovarian cancer with increasing number of CAG repeats in exon 1, but no association between AR haplotypes and ovarian cancer risk. Further studies are needed to identify AR target genes that contribute to ovarian cancer risk. 
